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A bstrac t : We present a microscopic theory to explain Ram«n spectra of high-7; cuprates R2_,M,Cu04 in the normal state. We used 
electronic Hamiltonian prescribed by Fulde in presence of anti^ferroinagnetism. Phonon interaction to the hybridization between the 
conduction electrons of the system and the ^-electrons has been incorporated in the calculation. The phonon spectral density is calculated 
by the Green function technique of Zubarev at zero wave vector and finite (room) temperature limit. Parameter dependence of Raman 
active phonon frequencies are studied by varying model parameters of the system i.e the position of /-level (e / ), the effective clectron- 
phonon coupling strength (j )^, the staggered magnetic field ( h \ \  and the hybridization parameter (v). th e  four Raman active peaks {Pi to 
Pa ) represent the electronic states of the atomic sub-systems of the cuprate systems They show up as phonon excitations due to the 
coupling of the phonon to the electrons and the anti-ferromagnctic gap
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1. Introduction
Recently, a detailed study of Raman measurements on 
cuprate systems (R2_;rCe;,Cu04; R = Pr, Nd, Sm, Gd) in the 
normal and the superconducting states have been reported 
[1 ]. The Raman data of R2 ,vCerCu04 shows several peaks 
due to deliverance o f phonons o f different origin over the 
constant intensity background [2]. These peaks show 
anomalous evolution o f the peak structure with tempera­
ture and doping. Raman investigations of Nd2-jrCej,Cu04
[3] as well as some of the infrared reflectivity [4] focused 
on symmetry determination and the assignments o f the 
A\g + B\g + 2Eg Raman active and 3A2u + 4£'„ infrared 
active phonons. Such assignments were confirmed with 
the help o f lattice dynamical calculations. Four Raman 
active phonons for Nd2Cu04 ( )(l4/mmm space group) 
3xe A\g ^  B\g -F Isg. Three o f these modes have clearly 
been assigned. These three frequencies are A\g (229 cm“‘) 
due to Nd vibration, (342 cm^O plane
oxygen vibration and Eg (489 cm~0 ^^e to in-plane oxygen 
vibration. The fourth frequency of Eg (122 cm"') mode o f 
Nd at room temperature for Nd2-xCcjrCu04 (~ 0.15) is
*Corre$ponding Author
controversial [5]. Short communications have been re­
ported on theoretical investigations of velocity of sound 
[6] and Raman spectra [7-9] of the cuprate systems. 
Recently, we have reported the studies on phonon disper­
sion in the static limit [10], temperature dependence of 
phonon frequency [11] and ultrasonic attenuation [12] in 
the normal state in cuprate systems. In our present com­
munication, we address parameter dependence of the Raman 
spectra of the cuprate system in normal state at room 
temperature.
2. Formalism
Simulating the strong electron in the CuO plane by break­
ing the spin symmetry, the heavy fermion behaviour of 
Nd2~xCCxCu04 (jc = 0.2) can be understood. The starting 
point is a lattice Hamiltonian which includes effective Nd— 
Cu hybridzation which is mediated by oxygen ions. Having 
to deal thereby with three strongly correlated /electrons 
for Nd is a problem in itself. To avoid it, Fulde has 
considered only one orbital per Nd ion. This is reasonable 
since the crystal field ground state is a doublet [13]. The
©2003 lACS
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large on site Coulomb interaction between Cu electrons where bq ( )  are annihilation (creation) operators for 
supresses almost all the configurations with empty ^
orbitals and result in the anti-ferromagnetic correlation 
between different copper sites. It is well known that anti­
ferromagnetic correlation can be simulated well by a spin
phonon coupling constant. The free phonon Hamiltonian 
with phonon energy cOq is written as J(p = .
symmetry break up. Therefore, we work here with an anti- Hence, the total Hamiltonian of the system is described by 
ferromagnetic ground state, although long range AF order
is destroyed in Ndi 8Cco.2Cu04 due to electron doping. It 
is emphasized that symmetry breaking is used only for 
modeling the strong correlation. By doing so charge fluc­
tuation among electrons in the copper oxide planes arc 
strongly reduced via the Cii-Nd interactions of /-electrons 
on Nd sites. This model can explain the heavy fermion-like 
behaviour of Nd| 8Ceo2Cu04. the above experimental re­
sults arc explained by a model given by Fulde [14].
(7)
The double time phonon Green function o f Zubarev [15] 
type is defined as
Dq,qit - / ' ) = = «  Aq(t); Aq{0 »
= ^/0 (; _ f)  <[Aq(ty AqiO]>. (8)
The Hamiltonian in /r-space for the cuprate system is Applying Dyson approximation, the phonon Green func­
tion can be written astaken as
..?/() = jHfl + Ms My + M f,
where
k , a
with dispersion €o(k) = -2  to (cos + cos ky). 
k,a 
k,a
'^■f\,k,afl,k,a •
k,a
(1)
(2)
(3)
(4)
(5)
where phonon self energy is given by 
(£0) = 475T ^  (-qyOgXgg (<o),
(9)
(10)
(H)
M j, Ms, Mv and M f are conduction electron, staggered 
field, hybridization interaction and /-electron Hamiltonian 
respectively. Here (a), (b) are creation (annihilation) where
operators for the dx2-y7 conduction electrons on copper 
sub-lattices 1 and 2 respectively and (f) are those for 
the /-electrons. The Fourier transformed electron-phonon 
interaction Hamiltonian is
ri(k ,k\q ,q ',(o )'s  (/ = 3 to 6) represent the electron re­
sponse functions. They are defined by dropping k.k'.q .q ' 
and Q) as
A(<w) = « a ‘ + a*, »
/ ’4(<u) = « a “ + a ’', »
ri{(o) = « a ‘ + a “, P “ »
Ftioi) = « a '^  + a<^ , 0 “ » (12)
'^e-p  =
k,q,a
+ h.c.\A t, (6)
with h.c. = (/,V,,««*.<T +/u+,.<T**.a) and /I, *  *, +
a" = 4 -„ ,„ fk ,a ; «"« fk.„ .a^k.a; 
= f>U,afk,a ; a*' fk%.c,f>k,a i (13)
(14)
We make some approximations, while calculating die eletron
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response function, keeping the essential physics intact. 
We use certain decoupling schemes for the higher order 
Green's functions such that all the physical parameters like 
/-level, staggered magnetic field, hybridization term 
and phonon coupling term are retained. The limit of zero 
wave vector {q 0) and finite temperature are considered 
in evaluating the response function.
4. Expression for phonon spectral density
Here, we are interested to explain the observed Raniaij 
intensity due to contribution of phonon only. Hence, w# 
calculate phonon spectral density function S(q = 0,a>) = 4- 
lm.Dgtfq = 0,<y), where D„(0,<y) is the phonon Grecii 
function for q' = 0. The self energy o f the phonon being 
proportional to the density response function S  (0,ai), will 
reflect the properties o f ground state o f the cuprates in 
normal state. Since in light scattering the momentum con­
servation requires only, the q = 0 process, it is the zone 
centre optic phonon which will couple to the electron 
number operator o f conduction electrons, /-electrons and 
the modulation o f f-&nd c-electrons. The phonon self 
energy depends on different model parameters through the 
electron response function ;foo(ty). In order to compare the 
theoretical calculations with the experimental results, we 
need to calculate the spectral density function 5(0,rw), 
which is the quantity one measures in Raman scattering. 
The 5(0,ry) is calculated by attributing a finite width (rjj) to 
the phonon frequency (ry^ —> + li(orf). The results of
the phonon self energy show up as the peaks in the 
spectral density function.
The spectral density function is written as
2tu^S,
where
i f ,  = _  0 ^ 1  + 4A 2)],
Bi = [2r}0) -  Aga/iBz],
A2 and B2 are written as
f}V/2
^2 = S j_ ^^^d x o M ^k .o > ),
f W/ 2
(15)
where
if,(e*,cy) = H ^ i/( ry .)  + A2Qf(o)2) + /!«/?/(«>,)],
Biiet^co) -  + B2Q J(oj2) + liy^RfUai)].
Af,, Ay, Ag, Bf,, By, Bg, D\2, P i, Qt and /f, are expressed 
in terms of other known dimensionless parameters. Here, 
J{(0 ,) are the fermi functions which arc in turn with ; ■ I 
to 3. Different parameters used in the above expressions 
are made dimensionless by dividing them by hopping 
integral 2/o, where the width o f the conduction band is IV 
= 8/0. Those arc
g = P{0) N{0)/cOo, d - c  ^ (oflto,
V -  V/2U), c ;;/2/o, p a\)/2to,
(0 ^  dp , JVo -  ^()/2/o, h\ = /;/2/o,
t -  kgTIlto,
where kg is the Blotzmann constant. And other variables
arc
(O Ao, 0)2.y =  (.V + cl ± A)/2. (17)
5. Results and discussion
(16)
In the present model, it is predominantly the coupling of 
the phonon to hybridization, while in Balseiro-Falicov (BF)
[16] model of Charge density wave superconductivity 
(CDW-SC), the phonon is coupled to the conduction 
electron. This is somewhat analogous to the observation 
of a superconducting excitation peak through the coupling 
of SC to CDW amplitude phonons by Sooryakumar and 
Klein [17,18]. In extending the BF model to calculate the 
small wave vector (q) dependent phonon self energy, 
Mohanty and Bchcra [19] have predicted an additional low 
frequency mode besides gap excitation mode to be present 
in the q = 0 limit. The present model considers anti- 
ferromagnetic ground state in presence of a weak hybrid­
ization between the y-electrons of the rare-earth atom and 
conduction electrons of the copper atoms. Here in this 
case, the AFM excitation gap is expected to be mainfested 
through its cdupling to the phonon in the phonon spectral 
density function. The collective mode of the magnetic 
excitation state should also appear in the Raman spectrum
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analogous to the CDW amplitude mode of the CDW- 
superconducting state. Earlier Rout e t al [8] have reported 
the results o f Raman spectra of cuprate superconductors 
in the high temperature range (T  > 450 K) in the light of 
the present model. Therefore, they have considered a weak 
electron-phonon coupling constant g  = 6 x 10^ . Here we 
report Raman spectra of the cuprates at room temperature 
below the Neel temperature (ryvz250 K) which is the
oxide superconductors. A very weak electron-phnonon 
coupling of g  -  6 X 10“’ in copper oxide superconductors 
at high temperatures has been rightly reported [8], But the
Figure 1. The plots o f Al vs t for fixed values o f d -  0.06, 
V "  0.015, ylj = 0.320522.
experimentaHy observed transition temperature [13], Differ­
ent dimensionless parameters involved in the numerical 
calculations are the effective coupling strength o f phonon 
with the hybridization (g), the position of the renormalised 
/^level id) , hybridization matrix elment ( 10. staggered 
magnetic field strength parameter (Al), the renormalized 
phonon frequency parameter (c) and the temperature pa­
rameter (t = ksT/lto). These parameters influence the spec­
tral density fmetion o f the cuprate superconductors.
The Figure 1 shows the temperature dependence o f the 
staggered field Al corresponding to the N6el temperature 
/Af~0.1(r/v ~ 250 K), h](T -  0) rO.34 and anti-ferromagnetic 
(AFM) coupling strength X2 “  0.320522. This represents 
well the normal AFM state o f the cuprate system [13]. 
From this plot, we have chosen bare Al~0.95 at tempera­
ture t = 0.09. We want to study normal state Raman 
spectra at r~0.09 (T~225) with weak hybridization v =
0.015 and /^level position d  0.06 i.e. close to Fermi level.
From the temperature variation o f phonon frequency in 
normal state o f ciqrrates we have fixed the phonon param­
eters i.e. phonon coupling strength g:; 0.025 [11], bare 
phonon frequency />~1.0 and the phonon life-time broad­
ening parameter e~0.018. It is commonly belived that the 
electron-phonon interaction is very weak in high Ti copper
Figure 2. The plot of spectral density function v,v reduced frequency 
for fixed values of e = 0.018, p  1.0, / ~ 0.09, g  = 0.025, d -  0.06, 
V -  0.015, h\ -  0.195.
value of this coupling is much smaller compared to that in 
case of CDW phase superconductors (g = 0.11 to 0.15) 
[16,19]. The value of g is equal to 0.025 in the present case 
which is seemingly appropriate for the high-T,. systems in 
non-superconducting magnetic phase at room temperature. 
A phonon coupling constant g :r 0.0252 is observed for 
heavy fermion systems worked out in the framework of 
periodic Anderson model [20].
In Figure 2 the phonon spectral density function (SDF) 
is plotted against the reduced phnonon frequency 
( = CO/cud) for fixed values of d, v, Al, g ,p, e, and t for 
normal state of the cuprate systems. Here, we observe five 
peaks. The peak centered at S -O .S l is denoted as Po and 
it corresponds to the renormalized bare phonon frequency 
of the cuprate systems for g = 0 phonon. The other four 
peaks centered at frequencies 0.193, 0.09, 0.036 and
0.016 are denoted as Pj, P2, and P4. In absence of
electron-phonon coupling (g = 0), the phonon self energy 
is zero. Hence, we observe the phonon peak Po at fre­
quency Q = 1 which corresponds to bare phonon fre­
quency 0)^ 1 2lX q -  0. When the phonon coupling g is 
increased, the phonon self energy increases and hence it 
renormalises the phonon frequency. As a result the phonon 
frequency decreases and the peak Po shifts to lower 
frequencies and appears at Q =0.81. The other excitation 
peaks (Pi to P4 ) appear in the phonon spectrum corre­
sponding to the phonon self energy with appropriate 
phonon coupling g  = 0.025. These excitaition peaks disap­
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pear for g  value relatively smaller or relatively larger than 
g  = 0.025.
The excitation peaks P, to P4 are identified as follows. 
In the absence of /-level {d = 0) and hybridization (v = 0), 
there appears a peak at £>-0.193. This value of energy is 
very nearly equal to the bare AFM staggered field at 
temperature t = 0.09 (T  = 225 K) in absence of electron- 
phonon interaction. The staggered field is slightly reduced 
due to the electron-phonon interaction; so the peak Pi 
centerd at the renormalised phonon frequency £>-0.193 is 
due to the AFM excitation gap. In absence of AFM fi^d 
{h \  =  0), peak P 2 appears at aJi:0.09. Moreover when 
hybridization v = 0, the peak P2 appears at £> -  0.09 jin 
addition to peak Pi at £> -  0.193. Hence the peak P2iis 
assigned to be the excitation peak due to the /-level. The 
/-level position is originally placed at £ = 0.06 above ttie 
Fermi level (E f  = 0). However due to electron-phonon 
interaction and the presence of AFM in the system the /-
Figure 3. The plot of spectral density function vs reduced frequency 
for fixed values of e 0.018» p =- l.O, / -  0.09, d ^ 0.06, v = 0.015, 
h\ * 0.195 and for different values of g ~ 0.0250, 0.0252.
level is renormalised and shifted to the position 
£>-0.09. This peak P2 appears in the Raman spectra as the 
AFM excited cf-level.
The peaks P3 and P 4 are quasi-particle bands with P3 
bearing the conduction band character in which AFM 
exists and P 4 bearing /e lec tron  character. These bands are 
renormalized and appear due to AFM gap excitation. The 
peaks P 3 and P4 are split peaks due to hybridization v.
The electron-phonon coupling g - 0.0250 influences all 
the four peaks as observed in Figure 3. the peaks P\ and 
P3, with more AFM character, shift to the higher frequen­
cies (harden) but the peaks P2 and Pa> having /electron
character, shift to lower frequencies (soften). In the ex­
treme limits, the excitation of the four peaks appear for the 
electron phonon coupling 0.018<g< 0.026.
When the /lev e l of the rare-earth atom lies below the 
Fermi level (€/.) (/.e. d ^ -0.06), only one peak is observed 
al£) =** 0.225 in addition to phonon peak Po at £> -- 0.093 
for the same electron-phonon coupling constant g ^  0.025 
(not shown in the Figure). For similar electron phonon 
coupling, the renormalised phonon peak shifts to higher 
frequencies for £ = -  0.06 compared to that for d  -  4-0.06. 
In addition to this, the AFM peak is rcnormalised to the 
higher value£5 ~ 0.225 for d ~ -0.06 unlike the case for d  
-  + 0.06 where the AFM peak appears at£i • 0.193 for the 
same value of g (= 0.025).
6. Conclusion
We studied temperature variation of phonon frequency in 
normal state of cuprates to fix the phonon parameters i.e. 
phonon coupling strength g and bare phonon frequency 
p  and phonon life-time broadening parameter <?. For a set 
of fixed values of £, v, A1, g, p, e and t we observed five 
peaks and identified those peaks. The effect of variation 
of g  on different peaks are studied which provides much 
information regarding role of phonon coupling in the 
presence of AFM for the occurence of peaks. We wish to 
vary the other parameters like £, v, c% p  and t and to study 
the nature of peaks later. The results thus obtained will be 
reported elsewhere.
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